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Solar	 Flares	 and	 Coronal	 Mass	 Ejections	 (CMEs)
Solar Flares

Shibata+1995

CMEs

Byrne+ 2010

Marubashi + 2002 shock wave

Magnetic flux rope

SOHO/LASCO C3



Southward Bz causes Geomagnetic storms

Axford 1969

1. Southward Bz

2. Reconnection
3. Transport of magnetic field lines

4. Reconnection

5. Magnetic field lines shrink

6. Ring current (westward)

Geomagnetic storm

Burton+ 1975

7. Decrease of geomagnetic field 
 on the ground by induction

DST index



CMEs and solar proton events

©http://cse.ssl.berkeley.edu/stereo_solarwind

Protons are mainly accelerated 
at the CME shock front

Belov+2005

Solar proton events (SPEs)  
are caused by CMEs

Flares

Shock passage



Mass	 and	 Velocity	 of	 “super”	 CMEs

=> Mcme∝L2∝Eflare
2/3, Vcme∝L1/2∝Eflare

1/6

(1) : Gravitational stratified atmosphere

(2) : CME kinetic energy ~ flare released energy

(with L >> H)

MCME∝Eflare
0.7±0.05 

(Aarnio et al. 2011)

Eflare
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(Salas-Matamoros and Klein 2015)

Eflare
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Vcme ∝Eflare
0.2+-0.08

=> VCME,X1000 ~3000*(100^1/6)~ 6000 km/s for example…

∝L3

∝L2

(cf. Emslie et al. 2012 )



IP ∝Eflare
5/6 ∝Vcme
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➔upper-limit of ISEP ; 
ISEP,X1000 < 6.8*106 pfu, 

1976~2014

➔upper-limit of ISEP ; 
ISEP,X1000 < 4.9*106 pfu, 

Eflare
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1997-2006
 Dierckxsens et al. 2015

Vcme
5

Lo
g 

pa
rt

ic
le

s/
(c

m
2 -

s-
sr

)
1

2

3

4

1000 2000 3000
CME speed (km/s)

(3) : Energetic proton energy  ∝ Flare released energy

(1), (2), (3)

EP
 ∝ IP tCME ∝ Eflare

Estimation	 of	 proton	 flux	 of	 “super”	 proton	 events



Magnetic	 field	 strength	 of	 “super”	 CMEs	 at	 1AU

Dynamical Pressure ~ Magnetic Pressure

Bcme2/8π=ρsw*(vcme-vsw)2

CMEs “Super” CMEs
Flare Class X10 X1000
AR Size 100 Mm 460 Mm
Mcme 7*1016 g 1.5*1018 g
vcme 3000 km/s 6000 km/s

Bcme@1AU 160 (nT) 360 nT

nsw = 1(/cc) 
Vsw = 500 (km/s)

without considering deceleration of CME 
as an estimate for upper limit…

Geomagnetic storms caused by CME passage
Shock front

Sheath
ρsw*(vcme-vsw)2Bcme2/8π

Interplanetary

Pseath 

CME

~ ~ 

=> May be used to estimate Dst index, and so forth.



Summary
Scaling relations

Estimated properties
CMEs “Super” CMEs

Flare Class X10 X1000
AR Size 100 Mm 460 Mm
Bcme@1AU 160 nT 360 nT
Mcme 7*1016 g 1.5*1018 g

CME speed 3000 km/s 6000km/s
Ip 10^5 pfu 5x10^7 pfu

Mcme∝L2∝Eflare
2/3, Vcme∝L1/2∝Eflare

1/6

IP ∝Eflare
5/6 ∝Vcme

5

,Bcme,upper-limit@1AU∝Vcme
1

Mass and speed, magnetic field @ 1AU

Energetic proton flux in SPE


